Electron-cooling experiments have been carried out at the HIMAC synchrotron in order to develop new technologies in heavy-ion therapy and related researches. The cool-stacking method, in particular, has been studied to increase the intensity of heavy-ions. The simulation was carried out to optimise the cool-stacking under various injection periods. Further, the beam heating by RF-KO was applied to suppress the transverse instability occurred when the ion density was increased.
INTRODUCTION
The HIMAC (Heavy Ion Medical Accelerator in Chiba) accelerator complex has delivered 12 C-ions for the cancer therapy and other heavy-ions for basic and applied research [1] . One of the objectives of HIMAC is to develop new technologies in heavy-ion therapy and related researches. For the purpose, the electron-cooling method has been applied, because it can provide highintensity beams and high-quality beams by its strong phase-space compression [2] . These techniques will lead to the following: (1) An increase in the intensities of heavier ions, such as Fe and Ni, for estimation of radiation risk in space. (2) Micro-beam probe for the cellular radiation-response. (3) Short bunched beam for time-resolving measurements. Since 2000, thus, the electron-cooling experiments have been carried out at the HIMAC synchrotron. The coolstacking method, in particular, has been investigated under various conditions. With increasing the intensity through the cool-stacking, the vertical coherent oscillation was developed, which limited the stacking intensity. It is found that the beam heating by the RF-KO can suppress the vertical coherent oscillation. The paper reports the experiment and simulation results.
COOL-STACKING EXPERIMENT

Experimental condition
Fully stripped argon-ions with the energy of 6.0 MeV/n have been used in the cool-stacking experiments. For efficient cool-stacking, the horizontal emittance was decreased to around 65 from 264 π⋅mm⋅mrad by decreasing the time-width of the injection beam, while the vertical one is kept around 10 π⋅mm⋅mrad. A vacuum pressure is around 5⋅10 -8 Pa. For measuring nondestructively the beam profile in both horizontal and vertical planes, we have used a gas sheet beam profile monitor (SBPM) for wide intensity range from 10 6 to more than 10 9 ppp [3] . The experimental conditions are summarised at Table 1 . 
Transverse cooling
Just after a multiturn-injection batch, the horizontal and vertical beam-sizes at FWHM were measured at 30 mm and 12 mm, respectively, under the typical ion-intensity of 5⋅10 8 ions. As shown in Fig. 1 , the equilibrium beam size through the cooling was also measured as a function of the ion-intensity. The simulation result by BETACOOL [4] is in good agreement with the experimental one. It is noted, further, that the cooling time was estimated to be around 1.2 s under the electron current (I e ) of 50 mA, the expansion factor (R EXP ) of 3.3. Both the experiment and the simulation suggest that the ion density is kept constant, independently of the ion intensity. 
Cool-stacking gain
The cool-stacking gain (G) is given by
where K is number of multiturn-injection batch, T inj the injection period and τ the ion-lifetime. It is noted that the T inj corresponds to the cooling duration. It is obviously shown from Eq. (1) that the G depends strongly on the beam lifetime and the cooling time. As the result of the typical cool-stacking is shown in Fig. 2 , the G is estimated to be around 3. 
Lifetime
Since the lifetime is an important parameter for the cool-stacking, the lifetime was measured as a function of the intensity. The measurement result is shown in Fig. 2 . The lifetime was around 4 s under the intensity of more than 10 9 ions, while it was increased to be around 20 s under that of around 10 8 ions. It is noted that the I e is 100 mA in this measurement. The sources of the lifetime reduction with increasing the intensity are considered as follows: (A) the beam-size growth with increasing the intensity, as shown in Fig 1 and (B) the vacuum-pressure increase with increasing the beam loss [5] . 
Injection period
In order to increase the cool-stacking intensity, the T inj should be optimized by considering the lifetime and the cooling time. Considering the cooling, IBS and the lifetime, the maximum stacking intensity as a function of the T inj was estimated by using BETACOOL. The broken line with squares in Fig. 4 shows the simulation result. In this simulation, the I e and the intensity of one multiturn batch were assumed to be 175 mA and 3⋅10 8 ions, respectively. Further, the lifetime is (A) τ = 7 s, (B) τ = 7 s and (C) τ = 9 s. The closed circles in Fig 4 indicate the experimental results, which are consistent with the simulation result. 
Suppressing transverse instability
The vertical coherent oscillation (the transverse instability) was observed with increasing the ion density, which mainly gives the limit of the stacking intensity. The electron heating is one of sources for the transverse instability [6] . In order to suppress the transverse instability, the followings were carried out [7] : (1) changing the working point to avoid the coupling resonance, (2) applying the RF-KO to reduce the beam density, and (3) clearing the secondary ion trapped in the cooler to suppress the electron heating.
Applying the transverse RF-field with the frequency corresponding to the tune, the equilibrium ion density can be reduced by widening the beam size. This can lead to suppress the transverse instability. A typical result is shown in Fig. 5 . In this case, the RF-KO was applied in the vertical direction under the T inj of 1.0 s, the R EXP of 1.7 and the I e of 130 mA. It is clearly observed that applying RF-KO can suppress the vertical coherent oscillation. It was verified also that the RF-KO applied in the horizontal direction suppressed the vertical coherent oscillation. It is noted that the RF-KO electrode is located at the different position of the electron cooler. Further, the position monitor with four electrodes in the cooler was used as "Shaker" [8] to remove the secondary ions trapped by the electron-beam potential. When the frequency applied to the electrodes was consistent with the lower-sideband frequency corresponding to the vertical tune, the instability was suppressed, and the stacking intensity was increased. However, the potential was inversely shift compared with clearing the secondary ions. It suggests that the shaker works as the RF-KO or removes the secondary electron with the energy of around 20 eV.
SUMMARY
The electron-cooling at the HIMAC synchrotron has been focused on the cool-stacking experiment. The stacking intensity was limited by the vertical coherent oscillation. Owing to improvements mentioned above, at present, the maximum stacking intensity can be increased to 2.7⋅10 9 Ar-ions corresponding to around 2 mA.
